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Long-lasting forms of memory require pro-
tein synthesis, but how the pattern of syn-
thesis is related to the storage of a memory
has not been determined. Here we show
that neural activity directs the mRNA of
the Drosophila Ca2+, Calcium/Calmodulin-
dependent Kinase II (CaMKII), to postsyn-
aptic sites, where it is rapidly translated.
These features of CaMKII synthesis are re-
capitulated during the induction of a long-
termmemory and produce patterns of local
protein synthesis specific to the memory.
We show that mRNA transport and synap-
tic protein synthesis are regulated by com-
ponents of the RISC pathway, including the
SDE3 helicase Armitage, which is specifi-
cally required for long-lasting memory. Ar-
mitage is localized to synapses and lost in
a memory-specific pattern that is inversely
related to the pattern of synaptic protein
synthesis. Therefore, we propose that deg-
radative control of the RISC pathway un-
derlies the pattern of synaptic protein syn-
thesis associated with a stable memory.
INTRODUCTION
It has long been known that the establishment of long-lasting
forms of memory requires protein synthesis, a feature of
memory common to vertebrates and invertebrates (Bailey
et al., 2004; Kelleher et al., 2004). A number of cellular
changes accompany protein synthesis; these changes in-
clude the modification of synapse and circuit function and,
in net effect, behavior. But it is not yet known how protein
synthesis is deployed across the nervous system and how
it contributes to the formation of a particular memory. Of spe-
cial interest is protein synthesis localized to the synapse, asthis might confer selective synaptic change and the stable
modification of a circuit. While regulators of such synthesis
are known (reviewed by Richter and Lorenz, 2002), the mo-
lecular events underlying synaptic protein synthesis during
the establishment of a memory remain unresolved.
A well-defined system for the study of memory is the olfac-
tory/electric shock paradigm of Drosophila (Tully and Quinn,
1985). A memory of odor associated with electric shock can
be induced in phases that include short-term (STM) and
long-term (LTM), phases that are distinguished by their de-
pendence on training protocol, genetic pathway, and protein
synthesis. A requirement for protein synthesis in olfactory
LTM was demonstrated long ago (Tully et al., 1994) and re-
inforced by the identification of longtermmemory mutants as
genes with functions in mRNA transport and translation
(Dubnau et al., 2003). This system presents an opportunity
to determine how and where protein synthesis is deployed
and what mechanisms regulate it during the formation of a
memory.
To approach these questions, we devised fluorescent
reporters of synaptic protein synthesis using sequences of
the Drosophila Calcium/Calmodulin-dependent Kinase II
(CaMKII), the homolog of the mammalian aCaMKII, which
is synthesized at synapses and required for memory (re-
viewed in Kelleher et al., 2004). We show that the induction
of a long-term memory in Drosophila is accompanied by
transport of mRNA to synapses and patterns of synaptic pro-
tein synthesis that have features of memory specificity.
These events are regulated by components of the RNA inter-
ference (RISC) pathway. At least one RISC factor, Armitage
(Cook et al., 2004), is localized to synapses and degraded
by the proteasome in response to neural activity or the induc-
tion of an LTM. Therefore, degradative control of RISC un-
derlies the pattern of synaptic protein synthesis associated
with the establishment of a stable memory.
RESULTS
mRNA Determinants of CaMKII Synaptic
Localization
Since the mammalian aCaMKII is found at synapses, where
its synthesis is regulated by neural activity, our attention
turned to the CaMKII gene of Drosophila. Drosophila CaMKIICell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc. 191
has a role in neuromuscular synaptic plasticity and memory
in the courtship-conditioning paradigm (Griffith et al., 1993;
Koh et al., 1999). CaMKII is localized to both pre- and post-
synaptic sites in the adult brain (Figures 1B–1D and 1J). We
focused on the olfactory system because of its well-
described neural components, circuitry, and paradigms for
the establishment of memory (Davis, 2004). This system
consists of sensory neurons and interneurons that form an
early receptive and processing circuit with synapses orga-
nized in bilaterally symmetric centers known as the antennal
lobes (Figures 1A and 1B). The first-order interneurons (Pro-
jection Neurons; PNs) collect sensory input in a stereotyped
array of multisynaptic structures known as glomeruli (Fig-
ure 1B), where the PN dendritic synapses collect cholinergic
input via nicotinic acetylcholine receptors (nAChRs; Fig-
ure 1K). The PNs direct-output to two brain centers via
branching axons that project to the ‘‘calyx’’ of themushroom
body and to the lateral horn. These terminals release acetyl-
choline from choline acyltransferase (ChAT)-positive bou-
tons (Figures 1I and 1J). The PN dendrites also form recipro-
cal synapses with local interneurons (Ng et al., 2002; Wilson
et al., 2004). On the PN dendrites, CaMKII was localized in
postsynaptic puncta with the markers Discs Large (DLG)
and ARD (a nAChR b-subunit; Figures 1C and 1K). CaMKII
was also concentrated at the PN presynaptic boutons in
the calyx and lateral horn (Figure 1J). Thus, within the same
neuron, CaMKII is concentrated at both pre- and postsynap-
tic sites.
The mouse aCaMKIImRNA displays dendritic localization
and activity-dependent synaptic translation, features con-
ferred by sequences in its 30UTR (Rook et al., 2000; Richter
and Lorenz, 2002). To determine whether this is the case for
Drosophila CaMKII, the 30UTR was inserted downstream of
the EYFP coding sequence in the reporter, UAS-EYFP3
0UTR
(Figure 1F). An additional pair of constructs was made bear-
ing a translational fusion of EYFP to CaMKII, with the
30UTRCaMKII present (UAS-CaMKII::EYFP3
0UTR; Figure 1H)
or absent (UAS-CaMKII::EYFPNUT; Figure 1G).
When expressed specifically in PNs using the GAL4, UAS
binary system (Brand and Perrimon, 1993), EYFP3
0UTR fluo-
rescence was strikingly localized to synapses on the PN den-
dritic and axonal termini (Figure 1F) and colocalized with
ChAT at the presynaptic boutons (Figure 1M) and with the
nAChR subunit ARD on dendritic branches in glomeruli
(Figure 1K). This distribution roughly matched that of CaMKII
protein (Figures 1J and 1K), though EYFP was somewhat
more diffuse along the dendritic branches; presumably
EYFP does not bind to the postsynaptic apparatus as
CaMKII does (Koh et al., 1999). In contrast, a cytoplasmic
EYFP reporter lacking CaMKII sequences was distributed
poorly to the axons and dendrites (Figure 1E).
The CaMKII::EYFP fusion protein synthesized from mRNA
harboring the 30UTR (CaMKII::EYFP3
0UTR) displayed synaptic
localization in axons and dendrites like that of EYFP3
0UTR
(Figure 1H) but was notably more concentrated in synaptic
puncta (data not shown). The same fusion protein made
from mRNA lacking the 30UTR (CaMKII::EYFPNUT) was
strongly localized to axonal presynaptic sites (Figures 1G’192 Cell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc.and 1N) but found at a very low level on the antennal lobe
dendrites (Figure 1G), where it was localized to synaptic
puncta (Figure 1L). Thus the CaMKII 30UTR is necessary
and sufficient for the robust localization of CaMKII to den-
dritic arbors but not required for axonal localization.
Activity-Dependent Synaptic Protein Synthesis
To determine how neural activity might affect CaMKII ex-
pression, brains were explanted into bath culture with acetyl-
choline (ACh) or nicotine (an agonist of nAChRs). After 20
min, the tissue was examined by anti-CaMKII immunohisto-
chemistry and quantitative confocal microscopy (Figure 2A).
On average (n = 10), when cholinergic synapses were acti-
vated, CaMKII immunofluorescence in the antennal lobe in-
creased by 3- to 4-fold (Figures 2A’ and 2O; nicotine,
p = 0.0014; ACh, p = 0.007). In a time-course experiment,
an increase in CaMKII level was detected within 5–10 min
of nicotine exposure (data not shown). The increase was
widespread in the brain and reflected in a 4-fold increase
of CaMKII protein on Western blot analysis (Figure 2D). The
CaMKII increase was also specific, as the levels of synaptic
proteins DLG and ARD were unchanged (Figures 2B, 2C,
and 2O). Consistent with the notion that this regulation oc-
curs via translational control, the effect of cholinergic stimu-
lation was blocked by the ribosomal inhibitor Anisomycin but
not by Actinomycin D, an inhibitor of transcription (Figures
2A, 2D, and 2O).
These results and the requirement of theCaMKII 30UTR for
dendritic localization suggest that cholinergic activity may in-
duce the translation of CaMKII mRNA at postsynaptic sites.
This was examined by monitoring EYFP3
0UTR reporter ex-
pression in explant culture (Figures 2E and 2F). A 5 min nic-
otine incubation increased EYFP3
0UTR expression by 30%
and, after 20 min, by 250% (Figures 2F and 2P). The induced
EYFP protein was found in large punctae (Figures 2K–2N).
Cholinergic stimulation did not increase EYFP3
0UTR expres-
sion at the presynaptic terminals in the calyx (data not
shown). In contrast, CaMKII::EYFPNUT expression was only
slightly increased by nicotine or ACh exposure (Figures 2G,
2H, and 2P). Nicotine incubation did not alter the expression
of cytoplasmic EYFP, CD8::GFP, or an EGFP construct har-
boring an a1-tubulin 3
0UTR (Hh::EGFP-30UTRtub; Figures 2I,
2J, and 2P). These observations indicate that the localization
and rapid induction of CaMKII in dendrites is due to 30UTR-
dependent synaptic protein synthesis.
Pattern of Synaptic Protein Synthesis Associated
with a Long-Term Memory
In Drosophila, an olfactory LTM is induced by ‘‘spaced train-
ing,’’ a protocol where an odor (CS+) and electric shock (US)
are presented coincidentally at temporally spaced intervals.
A second odor (CS) follows the CS+ odor in each interval
without coincident shock. An LTM appears after several
hours and lasts beyond 24 hr, as assayed by tactic behavior
in a T-maze (Tully and Quinn, 1985). We followed this proto-
col and used EYFP3
0UTR to report synaptic protein synthesis
in animals that developed an olfactory LTM. Our analysis fo-
cused on the antennal lobe glomeruli because these
Figure 1. Dendritic Expression of CaMKII Is Conferred by Its 30UTR
(A) A schematic view of the Drosophila brain, illustrating the dendritic and axonal arbors of the olfactory PNs. PN cell bodies (inset, PN) lie adjacent to the
antennal lobe (AL), the first-order processing center for odorant sensory input. The PN dendrites extend into the AL, where they form synaptic structures
called glomeruli with the termini of sensory sensory and local interneurons. The PN axons project via the internal antennal cerebral tract (iACT), sending
branches into the mushroom body calyx and the lateral horn (LH), as indicated. The presynaptic vesicle marker n-Synaptobrevin::GFP (n-Syb::GFP, green
color) was used to label the PN presynaptic sites on AL dendrites and at calyx and lateral horn axon termini.
(B) CaMKII is concentrated at glomerular synapses in the bilaterally symmetric antennal lobes (AL) of an adult brain (anti-CaMKII, red color). Size bar = 5 mm.
(C) A high-magnification view of a glomerulus reveals CaMKII (red color in [C], alone in [C’’]) concentrated at postsynaptic sites colabeled by anti-Discs Large
(DLG) staining (green color in [C], alone in [C’]). Arrowheads indicate typical double-labeled synaptic puncta.
(D) CaMKII (red color in [D], alone in [D’’]) does not colocalize with the presynaptic marker n-syb::GFP (green color in [D], alone in [D’]) in a glomerulus. Ar-
rowheads indicate typical n-syb::GFP-positive puncta.
(E–H) The CaMKII 30UTR is necessary and sufficient for CaMKII dendritic localization. AllUAS transgenic constructs were expressed in PNswith theGH146-
GAL4 driver. The control transgene UAS-EYFPweakly labeled PN dendrites in the antennal lobe (E) and presynaptic axonal branches in the calyx (E’). Most
EYFP remains in the cell bodies. When EYFP was fused to the 30UTR of CaMKII (EYFP3
0UTR), strong punctate EYFP labeling was found in both the AL den-
drites (F) and axon termini in the calyx (F’). In CaMKII::EYFPNUT, the CaMKII protein is fused to EYFP, but the CaMKII 30UTR is absent (G and G’). While PN
dendritic labeling was weak (G), there was strong axonal localization (G’). When the identical CaMKII, EYFP fusion protein is produced from a construct
harboring the CaMKII 30UTR (CaMKII::EYFP3
0UTR), there was strong localization to both dendrites (H) and axons in the calyx (H’). Scale bar in (E) = 5 mm.
(I and J) Presynaptic localization of CaMKII in the calyx. The PN axonal terminals are labeled by anti-choline acetyltransferase (ChAT; red color in [I], alone in
[I’]), which colocalizes with n-Syb::GFP (green color in [I]) expressed in the PNs. CaMKII protein (anti-CaMKII, blue color in [J], alone in [J’]) colocalizes with
ChAT (red color in [J]) at the presynaptic terminals.
(K and L) High-magnification views of EYFP3
0UTR (K) orCaMKII::EYFPNUT (L) fluorescence in a glomerulus (GFP; green in [K] and [L]; grayscale in [K’] and [L’]).
Both EYFP products are colocalized with the postsynaptic marker ARD (nAChR; anti-ARD, red in [K] and [L]; grayscale in [K’’] and [L’’]) and endogenous
CaMKII protein (blue color in [K] and [L]; grayscale in [K’’’] and [L’’’]).
(M and N) Localization of EYFP3
0UTR (M) and CaMKII::EYFPNUT (N) at PN presynaptic terminals in the calyx. Both EYFP products (EYFP fluorescence, green
color) are concentrated at the axon terminals (arrowheads), colabeled with ChAT (red color in [M] and [N]).Cell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc. 193
Figure 2. Synaptic CaMKII Expression Is Regulated by Neural Activity
(A) Cholinergic induction of synaptic CaMKII expression in the antennal lobe. Adult brains were explanted into AHL medium with (A’, +nic) or without (A)
10 mM nicotine or 50 mM ACh (not shown) for 10–20 min. Anti-CaMKII antibody staining is shown. Anti-CaMKII fluorescence was markedly increased
by nicotine or ACh incubation (quantification in [O]). The increase was blocked by the translation inhibitor anisomycin (A’’) but not by the transcription inhibitor
Actinomycin D (A’’’). Scale bars = 10 mm.
(B and C) Specimens treated as in (A), with (B’ and C’) or without (B and C) nicotine, and stained with anti-ARD (nAChR; B and B’) or anti-DLG (C and C’)
antibodies. The levels of ARD or DLG were not changed by incubation by nicotine. Scale bar = 10 mm.
(D) Western analysis of adult brains treated as described for (A)–(A’’’). Nicotine (nic) incubation increased the CaMKII (CKII) protein level 4-fold relative to
culture media alone (), while the level of a1-tubulin (tub, lower panel) was unchanged. The increase in CaMKII was blocked by anisomycin (anis) but not by
Actinomycin D (ActD), as in (A’’) and (A’’’).
(E–J) Adult brains expressing one of the transgenes EYFP3
0UTR (E and F), CaMKII::EYFPNUT (G and H), or the control constructs Hh::EGFP-30UTRtub (J) or
cytoplasmic EYFP (I) were explanted and incubated for 20min with (F’ and H’–J’) or without (E, G, I, and J) 10mMnicotine. In all cases, transgene expression
was driven in the PNs by GH146-GAL4. Both EYFP fluorescence (E–G and H) and anti-GFP staining (E’–J’, I, and J) were employed to detect EYFP syn-
thesis. Since EYFP fluorescence requires a slow maturation step, anti-GFP labeling was used for quantification in (P). Only EYFP3
0UTR expression is notably
increased by incubation with nicotine. Scale bar = 10 mm.
(K–N) High-magnification views of glomeruli after incubationwithout (K) orwith nicotine (L), ACh (M), or KCl (40mM;N).EYFP3
0UTR is driven byGH146-GAL4 in
all specimens. Anti-GFP staining revealed increased size and intensity of postsynaptic puncta (arrowheads) after the induction of neural activity.
(O) Quantitative analysis of CaMKII, ARD, and DLG fluorescence following explant in AHL media containing the indicated combination of nicotine (nic), ace-
tylcholine (ACh), Anisomycin, or Actinomycin D (ActD). Fluorescence was determined under constant image acquisition conditions from a total of12 spec-
imens for each condition. Error bars indicate the SEM.
(P) Quantitative analysis of12 specimens for each experimental condition revealed a 2.4-fold increase in EYFP30UTR expressionwith nicotine incubation and
little or no increase for CaMKII::EYFPNUT or other control transgenes under the same conditions. Error bars are for SEM.194 Cell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc.
Figure 3. Patterns of Synaptic Protein Synthesis Associated with Long-Term Memory
Animals harboring the EYFP3
0UTR or cytoplasmic EYFP (No UTR) driven by GH146-GAL4 were subjected to spaced training or the variations indicated (see
Experimental Procedures), maintained at 17ºC for 22 to 24 hr posttraining, and tested for LTM. The brains of LTM-positive animals were stained with
MAbnc82 to label glomeruli and imaged in a single operational day under quantitative conditions. The graph depicts the DF/F change in fluorescence
for each identified glomerulus, which is an average derived from confocal stacks through individual glomeruli in eight brains per experiment. Each exper-
iment was repeated from three to five times. The training variations represented are:
OCT: EYFP3
0UTR, Octanol (OCT) as CS+, methylcyclohexanol (MCH) as CS.
MCH: EYFP3
0UTR, MCH as CS+, OCT as CS.
No UTR, ES/OCT: UAS-EYFP (cytoplasmic), OCT as CS+, MCH as CS.
Unpaired, ES/MCH: EYFP3
0UTR expression, MCH as CS+, no CS used.
Es: Spaced presentation of electric shock (US) without odorant.
Sample data images of identified glomeruli are presented for the ‘‘OCT as CS+’’ (above the graph) and ‘‘MCH as CS+’’ (below the graph) conditions. Fold
increase was calculated asDF/F = (F1-F0)/F0). One-way ANOVA (with Bonferroni correction) was used to test significance among the different populations of
specimens (n = 9). Differences, where present, were highly significant (p < 0.0001). Error bars are for SEM.structures can be reproducibly identified and display clus-
tered synaptic activity (Ng et al., 2002; Wang et al., 2003).
Furthermore, the first-order antennal lobe synapses mightparticipate in an early stage of memory storage (Yu et al.,
2004), including the storage of LTM (Muller, 2000). Our anal-
ysis (Figure 3) revealed an odorant-specific pattern ofCell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc. 195
Figure 4. Dendritic Transport of CaMKII mRNA with Neural Activity or Training
The bacteriophage MS2 RNA tracking system (Rook et al., 2000) was adapted to Drosophila and used to monitor CaMKII mRNA localization in the brain.
(A–D) The MS2::GFP fusion protein (anti-GFP staining is shown) was expressed in PNs alone (A and A’) or along with an MS2 binding site-tagged full-length
CaMKII cDNA (UAS-ms2bs-CaMKII; B–F). When the taggedmRNAwas present, GFP-positive puncta were enriched along the PN dendrites in the antennal
lobe (arrowhead in [B]). When brains expressingUAS-MS2::GFP::nls andUAS-ms2bs-CaMKIIwere explanted with (B’) or without (B) 10mMnicotine, those196 Cell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc.
synaptic protein synthesis associated with the induction of
a long-term memory.
Animals harboring the UAS-EYFP3
0UTR reporter driven by
the PN-specific GH146-GAL4 were trained and analyzed
at times from 4 to 24 hr posttraining. The brains of trained
and untrained animals were processed for microscopy in
parallel. For each glomerulus, a Z stack of 6–8 confocal mi-
croscopic images was recorded and analyzed via a thresh-
olding protocol that isolated pixel groups corresponding to
synaptic puncta (see Supplemental Experimental Proce-
dures in the Supplemental Data available with this article on-
line). An average glomerulus intensity change (DF/F) was cal-
culated for 5–8 brains in each experiment. Each experiment
was repeated five times. LTM was in all cases verified by
T-maze performance.
The analysis was restricted to a set of glomeruli that in-
cluded those with a primary response to the odorants octa-
nol (OCT) and methylcyclohexanol (MCH). Only particular
glomeruli displayed a training-dependent increase in
EYFP3
0UTR fluorescence, while others did not; their identities
depended on the odorant (CS+) paired with shock. When
OCT was the CS+, only glomeruli D and DL3 displayed in-
creased fluorescence, by 115%and 108%, respectively (Fig-
ure 3).WhenMCHwas the CS+, fluorescence increased sig-
nificantly in glomeruli DA1 and VA1 by 95% and 70%,
respectively (ANOVA with bonferroni correction, p < 0.05).
There were modest but possibly insignificant increases in
glomeruli DM6 and VC2. The glomerulus-specific increases
were noted as early as 4 hr posttraining and were not ob-
served when odorant and/or electric shock was unpaired
or left out or when temporal spacing was not employed
(‘‘massed training’’). In animals that expressed a cytoplasmic
EYFP reporter or CaMKII::EYFPNUT (Figure 3; data not
shown), which lack the CaMKII 30UTR, there were no signif-
icant fluorescence changes. This analysis revealed that an
odor-specific induction of synaptic protein synthesis oc-
curred when conditioned and unconditioned stimuli were
presented coincidentally and with temporal spacing, the ex-
perience that establishes an LTM. This plasticity was evi-
dently maintained for at least 24 hr.
Activity-Dependent Dendritic mRNA Transport
and Localization
If CaMKII was synthesized at the synapse, its mRNA would
be localized there. To address this question, we utilized anmRNA tracking system based on the bacteriophage coat
protein MS2 and its RNA binding site (Rook et al., 2000).
The fusion protein MS2::GFP::nls is concentrated in the nu-
cleus by nuclear localization signals (nls) but can be diverted
elsewhere by binding to anMS2binding site (MS2-bs) tagged
mRNA. We tagged three mRNAs: the Drosophila CaMKII
cDNA, its 30UTR alone, and the mouse aCaMKII 30UTR,
which mediates dendritic localization and synaptic transla-
tion in the mouse (Aakalu et al., 2001; Rook et al., 2000).
GFP fluorescence was examined when MS2::GFP::nls
was expressed in projection neurons (PNs) with or without
an MS2-bs tagged mRNA. Punctate fluorescence was ob-
served in the dendrites when an MS2-bs-tagged mRNA
was coexpressed with MS2::GFP::nls but not with MS2::
GFP::nls alone (Figures 4A and 4B). For example, the tagged
Drosophila CaMKIImRNA increased the intensity of glomer-
ular fluorescence by 200% (Figure 4I; p < 0.001). In den-
drites, particular mRNAs, including the mouse aCaMKII,
are localized to particles containing themotor protein Kinesin
(Kanai et al., 2004). Consistent with this observation, the
GFP-positive dendritic puncta were labeled with an antibody
against themajor kinesin heavy chain, KHC (Figure 4H; Pear-
son’s coefficient = 0.75; Brendza et al., 2002).
Wewondered whether the synaptic CaMKII expression in-
duced by cholinergic activity (Figure 2A) might be associated
with enhanced dendritic localization of CaMKII mRNA, as
was found for the mouse aCaMKII and Arc mRNAs (Rook
et al., 2000; Steward et al., 1998). When explanted into me-
dia with nicotine or ACh, brains harboring MS2::GFP::nls
and the tagged Drosophila CaMKII mRNA displayed a strik-
ing increase in dendritic GFP fluorescence (Figures 4B’ and
4I; p < 0.001). The effect with cholinergic stimulation was
similar with the tagged mouse aCaMKII 30UTR: a 70%–
73% increase relative to culture without nicotine (Figures
4G and 4I). The activity-enhanced dendritic mRNA transport
was blocked by Anisomycin (Figure 4D) but not by Actinomy-
cin D (Figure 4C). We suppose that mainly existing mRNA
can be translocated during the short period of culture.
Thus, in Drosophila, like mammals (Krichevsky and Kosik,
2001), neural activity increases the rate of mRNA movement
to the synapse by a protein synthesis-dependent mecha-
nism.
We then asked whether the induction of an LTM might af-
fect mRNA transport to the synapse.When animals express-
ing MS2::GFP::nls and Drosophila ms2bs-CaMKII werein the presence of nicotine displayed an increased frequency of GFP-positive dendritic puncta and stronger overall fluorescence in glomeruli (quantification
in [I]). The effect of nicotine was blocked by anisomycin ([D], Anis) but not by Actinomycin D ([C], ActD). Scale bar = 10 mm.
(E) Animals harboring UAS-MS2::GFP::nls, UAS-ms2bs-CaMKII and homozygous for the armi72.1 mutation displayed an enhanced level of GFP-positive
puncta in glomerui (arrowhead), similar to that induced by nicotine incubation (compare with [B’] and [C]).
(F) The frequency of GFP-positive puncta was significantly increased in the antennal lobe ofUAS-MS2::GFP::nls, UAS-ms2bs-CaMKII animals subjected to
spaced training compared to naı¨ve animals of the same genotype (not shown, but compare with [B]). Enhanced neuropil fluorescence was not observed
after a single training episode that yields STM.
(G) Brains expressing UAS-MS2::GFP::nls and the MS2 binding site-tagged mouse aCaMKII 30UTRmRNA were explanted with (G’) or without (G) 10 mM
nicotine for 20 min. Nicotine incubation dramatically increased the localization of GFP to glomeruli.
(H) Puncta labeled by UAS-MS2::GFP::nls and UAS-ms2bs-CaMKII (GFP labeling, green color [H], grayscale in [H’’]) displayed colocalization with KHC
(anti-KHC staining, red color in [H], grayscale in [H]’). Correlation coefficient = 0.75.
(I) Quantitative analysis of GFP fluorescence in PN dendrites under the various conditions in (A)–(G), determined as an average intensity from 10 speci-
mens. Fluorescence change is calculated as the percent increase relative to GH146-GAL4, UAS-MS2::GFP::nls (A) without a MS2 bs-tagged mRNA.
(dCKII, Drosophila UAS-ms2bs-CaMKII; a-CKII, ms2bs-tagged mouse aCaMKII 30UTR). Error bars are SEM.Cell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc. 197
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subjected to the spaced training protocol, the number of
GFP-labeled puncta in dendrites was substantially increased
(80% relative to untrained; n = 10, p < 0.001; Figures 4A, 4F,
and 4I). The pattern of dendritic punctae did not display ev-
ident glomerular specificity, as observed for synaptic protein
synthesis (Figure 3). However, the induced punctae were
distributed along the dendritic branches, making a determi-
nation of glomerular specificity uncertain. These observa-
tions reveal that a coordinated program for synaptic gene ex-
pression occurs during the storage of a memory.
Regulation of mRNA Transport and Synaptic Protein
Synthesis by the RISC Pathway
The RNA interference (RISC) pathway silences gene expres-
sion by the targeted degradation of mRNAs or their nonde-
structive silencing (Sontheimer, 2005). In Drosophila,
RISC-mediated translational silencing controls oskar expres-
sion in the developing oocyte. An SDE3-class RNA helicase,
Armitage (Armi; Cook et al., 2004) acts as part of RISC
(Tomari et al., 2004) to control oskar translation and regulate
cytoskeletal organization, possibly via control of Kinesin
heavy chain (Khc) translation. Both the oskar and Khc
30UTRs have putative binding sites for the microRNA
(miRNA) miR-280. The CaMKII 30UTR has a remarkably sim-
ilar miR-280 binding site (Figure 5A). This site and a nearby
site for miR-289 satisfy the predictive rule that 7 of 8 nucle-
otides at the 50 end of an miRNA are cognate to a target
mRNA (Lai et al., 2003; Stark et al., 2003). Kinesin is also
a component of the RNA-containing dendritic particles that
bring mRNA to the synapse (Kanai et al., 2004; Figure 4H).
Staufen, likewise a mediator of RNA transport (Ferrandonet al., 1994; Tang et al., 2001), has binding sites for miR-
280 and miR-305 in its mRNA 30UTR (Rajewsky and Socci,
2004). We thus explored the role of RISC in CaMKII, KHC,
and Staufen expression.
Dicer-2 is one of two Drosophila ribonucleases that pro-
duce short RNA components of RISC (Pham et al., 2004).
CaMKII synaptic expression was dramatically increased in
a dicer-2mutant, particularly in the antennal lobe and mush-
room body (Figures 5E and 5F). In contrast, there was no dif-
ference in the expression of the cell adhesion protein Fasci-
clin II in the same animals (Figures 5E’ and 5F’). In Western
analysis (Figure 5G, left panel), there was a striking 25-
fold increase in CaMKII protein in dicer-2mutant brains. Syn-
aptic CaMKII expression was also elevated in aubergine and
armitage mutant brains (Figures 5G and S1). The aubergine
locus encodes an Argonaute protein involved in RISC as-
sembly and function (Cook et al., 2004; Tomari et al.,
2004). The level of Staufen protein was also increased in
the armitage mutant brain (Figure 5G, right panel).
Whether the miRNA binding sites in the CaMKII 30UTR
might be involved in RISC-mediated regulation was exam-
ined with the EYFP3
0UTR transgene. When expressed in the
PNs, EYFP fluorescence in glomeruli was 80% greater in
armi than in thewild-type (Figures 5J and 5O). The EYFP3
0UTR
fluorescence was localized to large dendritic puncta like
those found in brains explanted into nicotine-containing me-
dia (Figures 5L and 5M). Indeed, EYFP3
0UTR expression in
armi brains did not increase further upon explant with nico-
tine (Figures 5L and 5N), consistent with the notion that cho-
linergic activation might act via antagonism of RISC. The
expression of CaMKII::EYFPNUT, which lacks the 30UTR,Figure 5. Armitage Regulates Synaptic CaMKII Expression
(A) Putative miR-280 binding sites in theCaMKII, Khc and Staufen 30UTRs. The sites display a perfect match in the first 7–8 bases at the 50-end of miR-280.
AmiR-289 binding site is also found in theCaMKII 30UTR. A vertical bar (j) indicates homology, and ‘‘:’’ indicates G, U pairing. Nonpairing bases are shown in
subscript. Gaps were introduced for optimal alignment.
(B) An anti-Armi antibody reveals Armi in puncta concentrated at PN presynaptic terminals in the calyx (green color in [B], alone in [B’]).
(C) Expression of UAS-EGFP::Armi with the panneural elav-GAL4 driver reveals localization in dendritic puncta in the antennal lobe (AL). GFP-positive
puncta (green color) are colocalized with CaMKII (red color, [C’]) at dendritic synapses.
(D) Armi protein (160 KD, red arrowhead), detected in an adult brain extract by Western analysis, is absent from armi72.1/armi72.1 brain.
(E and F) CaMKII protein level is dramatically increased in dcr-2L811Ex/dcr-2L811Ex brains (compare [E] and [F]). The level of FasII is unaffected (compare [E’]
and [F’]). Scale bar = 10 mm.
(G) Left panel: Western blot analysis reveals that the level of CaMKII (CKII) protein is dramatically increased in armi72.1/armi72.1 and dcr-2L811Ex/dcr-2L811Ex
brains.
Right panel: Staufen protein increased4 fold following explant into nicotine-containingmedium and is similarly increased in the armi1/armi72.1 background.
(H–J) In all panels, EYFP fluorescence was recorded under quantitative conditions from wild-type (H, I, and J) or armi1/armi72.1 (H’, I’, and J’) animals har-
boring the transgenes CD8::GFP (H and H’), EYFP::CaMKIINut (I and I’), or EYFP3
0UTR (J and J’) driven by GH146-GAL4. Fluorescence from EYFP3
0UTR was
significantly increased in armi (quantification in [O]), slightly for EYFP::CaMKIINut, and unchanged for CD8::GFP.
(K–N) EYFP3
0UTR expression is not induced by cholinergic activation in an armimutant background. In the wild-type (K and L), explant into nicotine-contain-
ing medium ([L]; see the legend for Figure 2) results in large puncta and increased fluorescence. In armi1/armi72.1 (M and N), the large synaptic puncta are
present in the absence of nicotine (M) and not further increased by nicotine incubation (N). These results were verified by Western analysis (not shown).
(O) Average change of antennal lobe dendritic fluorescence for 7–8 brains bearing the indicated transgenes, comparing armi/armi to the wild-type, as in
(H)–(J). Error bars are for SEM.
(P) Western analysis reveals a2-fold reduced CaMKII (CKII) protein level in brain extract from animals harboring elav-GAL4 driven GFP::Armi relative to an
extract of elav-GAL4 (wt) control brain.
(Q) Expression of UAS-GFP::Armi under elav-GAL4 control ([Q’]; as in [P]) resulted in reduced CaMKII expression (anti-CaMKII, grayscale) in the antennal
lobe glomeruli, while similar expression of a control UAS-src::GFP (Q) has no such effect.
(R and S) In the subset of PNs that express GFP::Armi driven byGH146-GAL4 (yellow outline; green color in [R], alone in [R’’]), CaMKII expression (red color
in [R], alone in [R’]) is strongly reduced. KHC expression (blue color in [R], alone in [R’’’]) is also reduced. With the UAS-CD8::GFP transgene however
(S–S’’’), GFP-positive neurons display normal CaMKII and KHC levels.Cell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc. 199
Figure 6. Proteasome-Dependent Regulation of Armi and CaMKII Expression
(A–D) Brains harboring elav-GAL4, UAS-GFP::Armi with (B and B’) or without (A and A’) the temperature-sensitive proteasome subunit UAS-DTS5 trans-
gene (Speese et al., 2003). When animals carryingUAS-DTS5 are maintained at 17ºC (B and B’), antennal lobe GFP fluorescence (green in [A] and [B], alone
in [A’] and [B’]) is 3-fold greater than in animals grown at 17ºC without the UAS-DTS5 transgene (A and A’). Scale bar = 10 mm.
(C–E) Adult brains harboring elav-GAL4 andUAS-GFP::Armiwere explanted into culture medium for 20 min with (D) or without (C) 10 mM nicotine. With nic-
otine present, PNs (yellow outline) display reduced GFP::Armi expression (compare [D’] with [C’]), while CaMKII expression is strongly induced (D). Preincu-
bation with 100 mM lactacystin prior to nicotine incubation blocked the reduction of GFP::Armi fluorescence and increase of CaMKII expression (E and E’).
(F) Quantitative analysis of antennal lobe fluorescence from specimens prepared as described for (C)–(E). Fluorescence fromGFP::Armi expression and anti-
CaMKII staining was averaged following imaging of glomeruli in 6–8 brains. Error bars are for SEM.
(G) Western analysis of adult brains (n10) following explant into culture medium with or without nicotine (nic), as indicated. Top panel: Incubation with
nicotine resulted in the near complete elimination of Armi (anti-Armi antibody), while a1-tubulin (tub) was unchanged. Bottom panel: Transgenic GFP::Armi
is similarly eliminated from the brain by explant into nicotine-containing medium.
(H) Left Panel: Armi is stabilized by proteasome inhibition. Western analysis of adult brain following explant into culture medium with or without nicotine
and/or 100 mM lactacystin, a proteasome inhibitor. Nicotine incubation alone resulted in near complete loss of Armi, as in (G), but with lactacystin preincu-
bation, Armi remained at the normal level in the presence of nicotine.200 Cell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc.
increased slightly (15%) in the armimutant background (Fig-
ure 5I), while other control constructs, such as CD8::GFP,
were essentially unchanged (Figure 5H). In addition, RT-
PCR analysis of wild-type and armimutant brains did not re-
veal a difference in the levels of transgenic mRNAs (data not
shown). There was also a substantial increase in EYFP3
0UTR
and CaMKII::EYFP3
0UTR synaptic fluorescence in dicer-2
and aubergine mutants (Figure S1 and data not shown).
Therefore we conclude that RISC regulates CaMKII expres-
sion by a posttranscriptional mechanism, utilizing sites in the
CaMKII 30UTR.
Armitage expression was found in multiple neuronal pop-
ulations in the brain, including the PNs and mushroom-body
Kenyon cells. It was distributed in puncta in cell bodies and
dendrites and to axon termini (Figure 5B). A GFP::Armi fusion
protein, when expressed in the PNs, displayed a similar
punctate distribution (Figures 5C and 6A–6E) that overlap-
ped synaptic puncta containing CaMKII (arrowhead, Fig-
ure 5C’). The GFP::Armi fusion protein retains armi+ activity
(Cook et al., 2004) such that neurons with high levels of
GFP::Armi expression would have increased armi+ activity.
Several observations indicate that a posttranscriptional au-
toregulatory circuit modulates Armi expression (Figure S2).
Nonetheless, strong transgenic expression of GFP::Armi re-
duced the level of CaMKII expression, as revealed by West-
ern blot analysis (Figure 5P) and immunohistochemistry.
Neurons that expressed a high level of GFP::Armi displayed
reduced expression of both CaMKII and KHC (Figures 5Q,
5R, and S2). A control UAS-CD8-GFP transgene was unaf-
fected by GFP::Armi expression (Figure 5S).
Since Armi regulates KHC and Staufen expression, we
considered the possibility that it might also regulate the den-
dritic transport of CaMKII mRNA. When examined with the
MS2::GFP system, armi72.1 homozygotes indeed displayed
a 78% increase in fluorescence by dendritic GFP-positive
puncta, compared to an armi+ control (Figures 4E and 4I;
n = 7, p < 0.05). Therefore, Armi regulation of synaptic pro-
tein synthesis reflects a coordinated program with multiple
miRNA targets, affecting both mRNA transport and transla-
tion at the synapse, where Armi protein is found.Neural Activity Induces Rapid Proteasome-Mediated
Degradation of Armitage
If mRNA silencing by RISC plays a role in LTM, we would ex-
pect this pathway to be somehow regulated by neural func-
tion. Given the inverse relationship between CaMKII expres-
sion and armi+ activity, we considered whether Armi might
be a regulatory target. As shown in Figure 6, the level of
GFP::Armi fluorescence rapidly decreased (by 3.5-fold) in
brains explanted into nicotine-containing medium. There
was a correlated increase in CaMKII expression (by 4.5-
fold) in the PN dendritic arbors of the antennal lobe. A short
incubation with nicotine (5 min) resulted in the complete dis-
appearance of Armi protein in Western analysis (Figure 6G,
top panel). The GFP::Armi protein was also eliminated
upon explant with nicotine (Figure 6G, bottom panel). In con-
trast, the CaMKII protein level increased (Figure 6H, right
panel) and a1-tubulin was unchanged (Figure 6G).
Two experiments were performed to determine whether
the activity-induced elimination of Armi required the protea-
some. First, GFP::Armi was expressed along with a trans-
genic dominant-negative mutant of the proteasome b
subunit (DTS5; Speese et al., 2003). When the DTS5 trans-
gene was present, the level of GFP::Armi fluorescence was
elevated by 3.2-fold (Figures 6A and 6B; p < 0.0001, n =
8). In contrast, the DTS5 transgene did not alter the level of
CD8::GFP (not shown). Second, incubation with the protea-
some inhibitor lactacystin blocked the nicotine-induced loss
of GFP::Armi (Figures 6D and 6E) and degradation of endog-
enous Armi protein (Figure 6H, left panel). Preincubation with
lactacystin also blocked nicotine-induced synaptic CaMKII
synthesis, as determined by both Western analysis (Fig-
ure 6H, right panel) and by immunohistochemistry (Fig-
ure 6E). Thus, cholinergic activity evidently acts via the
proteasome to induce the degradation of Armitage and syn-
aptic synthesis of CaMKII.
A Degradative Pathway for LTM
A key question is whether this degradative pathway has
a role in synaptic protein synthesis associated with LTM. An-
imals expressing the GFP::Armi protein in projection neuronsRight Panel: The induction of CaMKII (CKII) protein by nicotine was prevented by lactacystin preincubation. In contrast, nicotine alone or combined nicotine
and lactacystin did not affect the level of a1-tubulin (tub).
(I) Animals expressing GFP::Armi in PNs (GH146-GAL4 driver) were subjected to spaced training (Figure 3). The graph depicts mean GFP::Armi fluores-
cence level measured with anti-GFP antibody for five identified glomeruli, which included those that displayed a significant training-induced change in
CaMKII reporter expression (Figure 3). Each experiment was performed twice. Sample data images are presented for the ‘‘OCT as CS+’’ (right panel) and
‘MCH as CS+’ (left panel) experimental conditions. Student’s t test (two-sided) was performed to test level of significance among the different populations of
specimens (n = 6). Differences, where present, were highly significant (p < 0.05). Error bars are for SEM.
(J) Representative glomerular intensity maps from animals analyzed in (I) (pseudocolor intensity at right). The glomeruli are identified in the left panel (un-
trained). With MCH as CS+, DA1 and VA1 display strongly reduced GFP::Armi-positive synaptic puncta. With OCT as CS+, D and DL3 display reduced
GFP::Armi fluorescence.
(K) Stocks of the indicated genotypes were prepared genetically by backcrossing to Canton-S and subjected to the indicated training protocol. In animals
bearing CaMKII-GAL4/+ (CKIIGal4), both the shortterm (STM) and longterm (LTM) paradigms produced normal Performance Index (PI) scores. Animals
bearing both CaMKII-GAL4 and the UAS-CaMKIIhpn transgene (CKIIhpn) displayed normal STM but strongly reduced LTM. Similarly, armi72.1/+ animals dis-
played normal STM and LTM scores, but armi72.1/Df(3L)E1 siblings displayed normal STM and deficient LTM. The same phenotype was observed in
armi72.1/armi72.1 (not shown). The LTM defect of armi mutants was rescued by the GFP::Armi transgene, expressed panneurally by the elav-GAL4 driver.
Animals expressing GFP::Armi in an armi/+ background displayed normal STM and LTM. Error bars are for SEM. Two-sample t test with unequal variance
was performed for all statistical analysis (p < 0.05).
(L) Adult brain expression of the CaMKII hairpin transgene UAS-CaMKIIhpn (hpin) results in the near elimination of CaMKII protein (CKII). Wild-type (CS) is
shown in the left lane.Cell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc. 201
were subjected to olfactory spaced training and analyzed by
the samemicroscopic methods used to assess LTM-associ-
ated EYFP3
0UTR expression (Figure 3). The GFP::Armi protein
was found concentrated in synaptic puncta in the glomeruli
(Figures 5C and 6J). When examined at either 3 or 24 hr
posttraining, GFP::Armi fluorescence was significantly re-
duced in many glomeruli and most strongly reduced in the
glomeruli that had displayed the greatest increase in
EYFP3
0UTR expression (Figures 3, 6I, and 6J). Fluorescence
in glomeruli DA1 and VA1 decreased by 3.1- and 3.8-
fold, respectively, when the odorant MCH was paired with
shock. When the odorant OCT was paired with shock, the
D and DL3 glomeruli displayed the most significant de-
creases (2-fold). More modest losses of GFP fluorescence
were observed in other glomeruli (Figures 6I and 6J). These
observations reveal an inverse relationship between synaptic
Armi protein and CaMKII synthesis during the establishment
of an LTM. Since these changes were still present at 24 hr
posttraining, the change was evidently maintained long-
term, perhaps for the term of the memory.
Given the role of Armi in the synaptic synthesis of CaMKII,
we wondered whether either of these genes might be re-
quired to form an olfactory LTM. Several armi hypomorphic
alleles display normal adult viability and behavior, including
normal odor and shock sensitivity. Given their normal perfor-
mance in these tests, we examined armi animals for STM
and LTM. The animals (armi72.1/armi72.1 or armi72.1/Df(3L)E1)
displayed normal memory in the short-term paradigm (Fig-
ure 6K; Armi, PI = 0.55; Armi+, PI = 0.58; p > 0.1) but were
profoundly deficient in LTM (Armi, PI = 0.085 versus Armi+,
PI = 0.31; p < 0.05). Expression of the GFP::Armi transgene
rescued the armi72.1/armi72.1 LTM deficiency to a normal
value (Figure 6K). We achieved a nearly complete and tissue-
specific loss of CaMKII by use of a construct that generates
a CaMKII hairpin RNA (UAS-CaMKIIhpn; Figure 6L). Animals
expressing UAS-CaMKIIhpin in all CaMKII-positive neurons
(with the CaMKII-GAL4 driver) retained normal short-term
memory (PI = 0.653; CaMKII-GAL4 alone, PI = 0.64), but dis-
played a near-complete loss of LTM (PI = 0.07 versusCaMKII-
GAL4 alone, PI = 0.3; p < 0.001). Thus, both CaMKII and Ar-
mitage are required for LTM but not for STM.
DISCUSSION
It has long been known that the establishment of long-lasting
forms of memory requires protein synthesis, a feature of
memory common to both vertebrates and invertebrates. Of
special interest is protein synthesis localized to the synapse,
which might result in selective synaptic change and the sta-
ble modification of a neural circuit (Bailey et al., 2004; Kel-
leher et al., 2004). Yet how and where synaptic protein
synthesis occurs in relation to the establishment andmainte-
nance of a memory has not been determined. Here we re-
port that memory-specific patterns of synaptic protein syn-
thesis occur with the induction of a long-term memory in
Drosophila. These patterns appear to be controlled by the
proteasome-mediated degradation of a RISC pathway com-202 Cell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc.ponent, Armitage, to regulate the transport of mRNA to syn-
apses and its translation once there.
To visualize synaptic protein synthesis, we devised fluores-
cent reporters based on the Drosophila CaMKII gene, which
has well-described roles in synaptic plasticity and memory
(Griffith et al., 1993; Koh et al., 1999). The 30UTR of CaMKII
shares regulatory motifs with the mammalian aCaMKII
mRNA, which mediate dendritic mRNA localization and
neural activity-dependent translation (reviewed in Richter
and Lorenz, 2002). We found that the 30UTR of Drosophila
CaMKIIwas also necessary and sufficient for mRNA localiza-
tion to dendrites and synaptic translation (Figures 1 and 4).
This 30UTR sufficed for the enhanced dendritic mRNA trans-
port and translation induced by cholinergic stimulation (Fig-
ures 2 and 4). Hence we find a simple parallel between the
synaptic regulation of CaMKII in Drosophila and mammals.
When these fluorescent reporters were utilized in vivo, the
induction of synaptic protein synthesis was observed in sev-
eral Drosophila brain centers following the spaced training
paradigm of repetitive odor paired with electric shock that
establishes a long-term memory (LTM; Figure 3). There
were local patterns of memory specificity identifiable in glo-
meruli of the antennal lobe where synapses of similar func-
tion are clustered. When the odorant OCT was paired with
electric shock, protein synthesis was induced selectively in
the D and DL3 glomeruli. When the odorant MCHwas paired
with shock, the DA1 and VA1 glomeruli displayed the most
robust enhancement of synaptic protein synthesis. Notably,
the animals were exposed to both odorants during training;
the pattern of synthesis depended on coincidence with
shock. There was no significant induction of protein synthe-
sis when exposure to odor and shock was nonoverlapping,
with either stimulus presented alone, or in the absence of
temporal spacing (‘‘massed training’’). Thus, an odor-spe-
cific pattern of synaptic protein synthesis was induced under
conditions that produce an LTM.
Experiments in the honeybee suggest that the antennal
lobe is a ‘‘way station’’ for memory where stimuli are inte-
grated to yield plasticity more labile than a short-term mem-
ory (Menzel and Giurfa, 1999). A long-term memory can be
formed in the honeybee antennal lobe in a spaced training
paradigm (Muller, 2000). The experiments of Yu et al.
(2004) revealed plasticity in the Drosophila antennal lobe,
where particular glomeruli acquired enhanced synaptic ac-
tivity after a single episode of paired odor and shock. Re-
markably, the enhanced synaptic protein synthesis we ob-
served with spaced training occurred in essentially the
same glomeruli that displayed enhanced synaptic activity in
the STM protocol (Yu et al., 2004). These glomeruli are dis-
tinct from those that display the greatest odor or electric
shock-evoked synaptic activity (Ng et al., 2002; Wang
et al., 2003; Wilson et al., 2004). Therefore, we suppose
that the mechanism that integrates a single paired odor
and shock to produce new synaptic activity might also gen-
erate the trigger for synaptic protein synthesis when the
paired stimuli are repeated with temporal spacing. We be-
lieve this trigger includes the proteasome-mediated degra-
dation of the RISC factor Armitage (Figure 7).
Figure 7. Regulation of Synaptic Protein
Synthesis Associated with a Stable
Memory
An integrated signal resulting from coincident
odor (CS+) and electric shock (US) triggers pro-
teasome-mediated degradation of Armitage, re-
leasing RISC pathway suppression of target
gene expression both at the synapse and the
cell body. For Kinesin Heavy Chain and Staufen,
increased synthesis may facilitate the synaptic
transport of mRNA. CaMKII and other target
mRNAsmay be regulated directly at the synapse.Though these ‘‘memory traces’’ have been recorded in the
antennal lobe, there is still no evidence for their role in mem-
ory. The mushroom body, on the other hand, is required for
LTM (Pascual and Preat, 2001). Our current methods cannot
resolve patterns of synaptic protein synthesis in the mush-
room body because it lacks the stereotyped synaptic archi-
tecture of the antennal lobe. When determined, a global
brain map of synaptic protein synthesis will provide signifi-
cant insights into the mechanisms of memory storage.
Synaptic protein synthesis and dendritic mRNA transport
are well studied for the mammalian aCaMKII gene, which
bears recognitionmotifs in its 30UTR for CPEB and other pro-
teins with transport and translation control functions (Richter
andLorenz, 2002). Thepresenceof potential recognitionmo-
tifs for the CPEB, Pumilio, and Staufen proteins in the Dro-
sophila CaMKII 30UTR (our unpublished observations) sug-
gests that these mechanisms are conserved in Drosophila.
Indeed, Staufen, orb (a CPEB family member), and pumilio
have been identified as LTM-deficient mutants (Dubnau et al.,
2003). The roles of these genes remain to be fully explored.
We focused instead on the RISC pathway because of ap-
parent binding motifs for microRNAs miR-280 and miR-289
in the CaMKII 30UTR (Figure 5A). These sites are similar to
those in the 30UTRs of oskar and Kinesin heavy chain
(Khc), which are targets for translational silencing by Armi-
tage and other RISC components in the oocyte (Cook
et al., 2004). We found Armitage in synaptic puncta on den-
drites, colocalized with CaMKII (Figure 5). When the level of
Armitage was decreased or increased by mutation or trans-
genic expression, CaMKII synaptic expression was modu-
lated in a reciprocal and cell-autonomous fashion (Figures
5 and 6). This regulation could be recapitulated by an
EYFP reporter bearing the CaMKII 30UTR. Mutants for the
RISC components Aubergine and Dicer-2 displayed similar
phenotypes (Figures 5 and S1). It therefore seems likely
that multiple tiers of control regulateCaMKII like oskar, where
two systems (Bruno/Cup and RISC) act on distinct sites in its
30UTR (Cook et al., 2004; Webster et al., 1997).
A second avenue for RISC control of CaMKII synthesis is
via mRNA transport. By tagging CaMKII mRNA with a GFPreporter, we observed dendritic punctae whose frequency
and intensity increased under the same conditions that in-
duced synaptic protein synthesis: cholinergic activation
and olfactory spaced training (Figure 4). The induction of
mRNA transport required new protein synthesis but not tran-
scription. Armitage was also found to regulate the frequency
and intensity of the GFP-tagged dendritic puncta (Figure 4).
Two proteins that play a role in mRNA transport, Kinesin
heavy chain (KHC) and Staufen, recapitulate this pattern of
regulation by cholinergic stimulation and Armitage (Figure 5).
Both of their mRNAs bear targets for miRNA regulation in the
30UTR (Figure 5; Cook et al., 2004; Rajewsky and Socci,
2004). Our studies leave open the possibility that the en-
hanced synaptic localization of CaMKII mRNA underlies
the induction of its synaptic translation. However, the pres-
ence of miRNA binding sites in the CaMKII 30UTR, the local-
ization of Armitage with CaMKII in synaptic punctae, and the
rapid induction of CaMKII synthesis by cholinergic activity all
suggest that RISC acts at the synapse. Furthermore, local
translational control may be required to impose the specific-
ity that was not evident in the pattern of mRNA transport as-
sociated with the induction of an LTM (Figure 4).
A link between the induction of memory and synaptic pro-
tein synthesis is the proteasome-mediated degradation of
Armitage. In explant culture, cholinergic induction of CaMKII
synthesis was accompanied by the rapid degradation of
Armi; both events were blocked by inhibition of the protea-
some (Figure 6). The relationship between Armi degradation
and CaMKII synaptic translation was recapitulated in the
brain as animals formed and maintained an LTM. The same
glomeruli that displayed the greatest increase in CaMKII syn-
thesis displayed the largest decline in synaptic Armi (Fig-
ure 6). This reciprocal relationship between the Armi and
CaMKII proteins was detected as early as 3 hr after training
and maintained for at least 24 hr posttraining. The training-
induced change of synaptic Armi was therefore ‘‘locked
in,’’ possibly for the term of the memory, consistent with
a role in maintaining an alteration of synaptic function.
Therefore we propose a new mechanism for stable mem-
ory in which an integrated sensory trigger induces theCell 124, 191–205, January 13, 2006 ª2006 Elsevier Inc. 203
proteasome-mediated degradation of a RISC factor, releas-
ing synaptic protein synthesis and mRNA transport from mi-
croRNA suppression (Figure 7). We suppose that this mech-
anism is triggered with neuronal specificity in order to
produce memory-specific patterns of protein synthesis.
Whether this specificity is required for memory or extends
to the level of a single synapse are questions that remain
to be addressed.
EXPERIMENTAL PROCEDURES
Drosophila Stocks and Genetics
Fly stocks were maintained at 25ºC on standard cornmeal agar medium
under a constant 24 hr light/dark cycle. aubergine (aubHN and aubQC42)
and Df(3L)E1 strains were obtained from the Bloomington Stock Center
(Indiana). Transformant lines carrying UAS-GFP::Armi, and armi mutant
lines were generously provided by H. Cook and W. Theurkauf (U.
Mass., Worcester, MA). The dcr-2L811Ex mutant was a gift of Drs. R. Car-
thew and H. Ruohola-Baker. The UAS-DTS5 strain (Speese et al., 2003)
was crossed to elav-GAL4, UAS-GFP::armi or GH146-GAL4, UAS-
GFP::Armi animals and grown at 17ºC (permissive temperature), as de-
scribed in the text.
Imunnohistochemical Methods
Adult brains were dissected and processed for immunohistochemistry
as described by Kunes et al. (1993). Antibodies were used at the follow-
ing dilutions: mouse aCaMKII (1:100; Takamatsu et al., 2003), rabbit
aCaMKII (1:4000; Koh et al., 1999; Takamatsu et al., 2003), aARD
(1:50), a-Elav (1:100), a-Armi (1:200) and a-KHC (1:50), a-mouse Cy3
(1:100), a-rat Cy5 (1:200), and a-rabbit Cy5 (1:500).
Explant Protocol
Adult heads were dissected to remove the brain in AHL medium (Wang
et al., 2003) and incubated as described. Nicotine ([] Nicotine, Sigma)
was used at 10 mM, adjusted to pH 7.0–7.4. Acetylcholine (Acetylcholine
chloride,99%, Sigma) was used at 50 mM. The explants were incubated
at 22ºC as indicated, washed three times in AHL, and fixed in 4% para-
formaldehyde. For proteasome inhibition, specimens were incubated
for 40 min in lactacystin (100 mM, Sigma) prior to further manipulation.
For inhibition of translation or transcription, explants were incubated for
30–60 min in Anisomycin (25 mM) and Actinomycin D (50 mM, A.G. Scien-
tific) prior to nicotine incubation.
Behavioral Assays
Short and longterm olfactory memory tests were performed in a T-maze
apparatus as described by Tully and Quinn (1985). Most transgenic lines
were backcrossed to Canton S (C. Quinn, MIT) for 3–4 generations prior
to use. Animals were used at 2–4 days posteclosion.
Fluorescence Measurements
Image quantification and statistical analysis are described in the Supple-
mental Experimental Procedures.
Supplemental Data
Supplemental Data include two figures and Experimental Procedures and
can be found with this article online at http://www.cell.com/cgi/content/
full/124/1/191/DC1/.
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